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Abstract

To maintain the integrity of the Vasa warship after salvage in 1961, conservation treatment with polyethylene glycol

was carried out to prevent the collapse of cell walls. This treatment had negative effects on the strength and

stiffness of the oak and the hull structure has been found to slowly deform over time. It is of interest to construct a

three-dimensional numerical computer model to model and predict the deformation of the warship. This creates

difficulties related to the complexity of measuring the detailed material properties that are required as input. In this

context, a non-destructive methodology to predict the stiffness of the Vasa oak in terms of moduli of elasticity in

the three principal directions of timber at critical positions in the ship would be useful. The twofold aim of the

paper is to propose a strategy for a support system and to conduct an on-site assessment of the warship to predict

the mechanical properties of the Vasa oak material. This paper also contains an up-to-date review of all essential

mechanical data measured on the Vasa oak. The preliminary investigation using an X-ray technique to investigate

the density properties produced promising results for future use in the evaluation of the mechanical performance.

Based on these results, a procedure to establish the stiffness properties of the Vasa oak in terms of MOE was sug-

gested, using a combination of data from previous measurements, in combination with extended tests on Vasa oak

specimens and an X-ray-based density calibration procedure. The general complexity of the Vasa warship can be

mainly attributed to large variations in the properties of Vasa oak due to surface degradation, chemical treatment

and the disintegration of the cell-wall structure originating from centuries of waterlogged conditions. That causes

difficulties when assessing mechanical and physical properties on a structural level. A combination of visual inspec-

tion together with X-ray investigation is of great importance to evaluate those properties and to obtain more

accurate estimates. The results from evaluating mechanical properties can serve as input in a numerical model

and serve as a foundation for decision-making relating to the modification of the support system.

Keywords: On-site assessment, Vasa warship, Timber structures, Non-destructive testing (NDT), Vasa oak, Mechanical

properties, Polyethylene glycol (PEG)

Background
The Vasa warship is one of the most important national

treasures of Sweden. After the launch in Stockholm

Harbour, the “jewel” of the Swedish Navy experienced

difficulty in terms of stability and manoeuvrability and

sank on her maiden voyage in 1628. In 1956, the warship

was located on the seabed and was salvaged in 1961. It

was also at this point that the resurrection of the hull

began. Since 1990, the ship has been on display to the

public at the Vasa Museum.

The shipworm-hostile seabed conditions and the an-

aerobic environment at the discovery site preserved the

condition of the warship for several centuries, even

though a certain degree of physical and chemical modifi-

cation and degradation occurred [1-3].

In order to maintain the integrity of the Vasa, conser-

vation treatment with polyethylene glycol (PEG) was car-

ried out for a period of 17 years after the salvage [4,5].

This treatment prevented the hull from serious shrink-

age and distortion that would otherwise have caused the
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collapse of the cell walls when the hull dried. However,

PEG is known to have a negative impact on wood, in

terms of reduced strength and stiffness [6-8].

Structural investigations of the warship were not initi-

ated until the beginning of the 21st century, when data

on on-going deformation were collected. At about the

same time, an investigation of different reinforcement

concepts for the ship and/or its support cradle was

undertaken and different simple finite element (FE)

models were also constructed for single cross-sections of

the hull to predict future deformation and structural

behaviour for different support scenarios [9,10]. No final

decisions have as yet been made about how to support

the hull and prevent further movement and deformation.

However, research has focused increasingly on the

mechanical properties of Vasa oak and the way they are

influenced by chemical degradation and PEG content. In

the first stage, the compression strength in the radial

direction and tensile strength and stiffness in the

longitudinal direction of both Vasa oak and PEG-

impregnated recent European oak (Quercus robur) have

been investigated [7,8]. In 2013, a new support structure

project was initiated with the aim of modelling the

structural behaviour of the entire ship. For this reason, a

holistic approach is recommended and parameters such

as geometry, joints, load transfer within the warship and

load transfer from the warship to the existing support

cradle have to be thoroughly explored. Material parame-

ters such as stiffness in terms of moduli of elasticity

(MOE) and cross-sectional stiffness and strength need to

be investigated in more detail than before, which is a dif-

ficult task in itself. Due to both natural variation in the

Vasa oak and chemical degradation and softening due to

PEG in the Vasa timbers, the stiffness and strength

properties are expected to vary considerably at different

positions. It is therefore desirable to develop a method-

ology which enables the quick and easy measurement of

geometry, damage and predictions of strength and stiff-

ness. Due to the unique nature of the material, the mea-

surements should preferably be as non-invasive and

non-destructive as possible.

Aim of this paper

The paper emphasises the problem areas of the Vasa

warship primarily from a structural viewpoint, which is

important for future decision-making relating to a new

support system. The paper also contains an extensive lit-

erature review of all the essential mechanical data mea-

sured on Vasa oak to date. The overall twofold aim of

this paper is to develop an on-site assessment strategy to

predict the mechanical properties of the Vasa oak ma-

terial at structural level and to propose a strategy for

developing a new support system that distributes the

loads from the hull structure to the cradle. In a support

system of this kind, the distribution of the acting loads

should be easy to monitor and the movement and de-

formation should be prevented.

The Vasa warship – challenges of a general nature

Deformation of the hull

Challenges related to the Vasa that have previously been

identified are of a both structural and material character.

One general problem is the progressive deformation that

has occurred since the ship was salvaged. The monitor-

ing of the deformation behaviour only began in the late

1990s [11], when the movements of the warship started

to be registered in more detail. At that time, problems

with indentations on the hull from the support cradle

attracted special interest [11]. The present cradle on the

concrete slab, which is absolutely necessary for the sup-

port of the warship, consists of stanchions which trans-

fer the loads from the ship to the slab via wooden

wedges. Over the years, the number of stanchions has

been more than doubled in order to reduce the local

pressure on the hull, as has the number of wedges. This

has proved successful to some degree, but the problem

of heterogeneously distributed loads still remains. This is

indicated by the wedges, which tend to work loose or be

wedged harder as the ship moves and deforms.

The structure of the warship itself consists of 25 main

frames providing stiffness to the side and bottom struc-

tures. It has been found that the deck beams in the

frames have also undergone significant deformation [10].

Some of the wooden centreline columns supporting the

beams have therefore been replaced with aluminium col-

umns with greater stiffness.

However, despite all the efforts that have been made,

the problems associated with local and global deform-

ation still remain and the warship is slowly deforming at

a more or less constant speed. Manual measurements

performed between 1987 and 1999 registered deform-

ation as large as 50 millimetres at the bow [10]. Mea-

surements made later showed that the deformation

increased by as much as 0.5 mm per year, see Figure 1

[9]. The most likely contributory factors to the relatively

high deformation rate are the low stiffness in the wood

and the connections, in combination with large forces

applied to the hull. A certain small seasonal shrinkage/

swelling of the wood also needs to be considered. The

deformation is of both a translational and a rotational

character [11]. The latter at least is believed to be caused

by asymmetrically distributed weight, e.g. the heavy bow

mast, which, due to its inclination, is likely to induce

lengthwise torsion in the warship.

Modelling to improve the support of the ship

In the late 1990s, different concepts for strengthening

the warship’s structure were investigated. It has already
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been stated that the load transfer to the support struc-

ture is insufficient, leading to local indentations [7]. Dif-

ferent simplified finite element (FE) models of sections

of the ship have since been established for cross-sections

of the hull to predict the deformation [9,10]. In line with

the actual measurements on the ship, the first sectional

FE model (based on recent European oak MOE proper-

ties) showed that the main deflection and deformation is

a translation of the side structure, deflection of the deck

beams [10] and also deformation of the bilge, see

Figure 2. The model and the material parameters were

subsequently updated by Ljungdahl [9]. The updated

model suggested that improved support, especially the

strengthening of the main frames supporting the gun

decks, would increase the stiffness of the ship’s structure

and probably reduce the speed of the time-dependent

deformation. This FE model used material parameters

from only a few Vasa oak samples as input. So, in order

Figure 1 This figure shows the deformation pattern of the Vasa warship between 2000 and 2003, on both the starboard and the port

side in four different sections. Figure adapted from [9].

Figure 2 Cross-section of the Vasa warship. The deformation and translation are expected to be caused by deck structures that are not

sufficiently stiff, weak connections between decks and the hull and asymmetrically distributed weight, e.g. the warship’s inclined mast.
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to create an even more accurate model for the more pre-

cise prediction of the deformation over time, we believe

that the material characteristics should be investigated

globally on site using non-destructive testing, i.e. in a

large number of positions, on the warship. In order to

achieve this, essential material parameters, such as ra-

dial, tangential and longitudinal stiffness in terms of

MOE, can be estimated on the basis of Vasa oak density.

Generally, the mechanical performance of timber is

strongly related to density [12,13]. By measuring density

using non-invasive techniques, it is possible to predict

the mechanical properties of wood without destroying

precious material [14]. In the case of the Vasa, however,

this is complicated by the impregnation agent, PEG.

PEG is known to increase the density, while at the same

time also reducing the mechanical properties. In particu-

lar, stiffness and strength properties in bending [6,15]

and radial/tangential compression [1] are affected. For

Vasa oak, the PEG treatment has resulted in an increase

in density of 20% or more [16,17]. The true density (i.e.

without PEG) is otherwise expected to be lower than

that of recent European oak and values of as low as

460 kg/m3 for Vasa oak have been reported [15].

In the case of the Vasa, non-destructive testing (NDT)

methods measuring the density must therefore be com-

bined with additional chemical and quasi-non-destructive

test methods in order to establish a density-properties rela-

tionship for PEG-impregnated archaeological oak with low

biological degradation, i.e. Vasa wood (see the following

sections for a detailed description of the material evalu-

ation strategy). Once such a relationship is established, the

mechanical performance at different locations in the ship

could ideally be evaluated using NDT methods alone.

When the mechanical properties of the Vasa oak at

several different locations are estimated, the information

can be used in a much improved and detailed three-

dimensional FE model of the warship. A model of this

kind can be used, among other things, to evaluate different

options for improving the support of the ship (Figure 3),

identifying critical zones in the warship subjected to high

forces and/or large deformation, estimating load transfer

from the hull to the present support structure and predict-

ing the structural behaviour over time.

The future of the Vasa warship – an outlook

The assessment of the Vasa warship structure from a

mechanical performance perspective requires a large

number of measurements due to the large variation in

the biologically/chemically degraded and PEG-impreg-

nated oak. Any on-site assessment must include the con-

tinuous monitoring of deformation in the ship.

A complete three-dimensional model of the warship

would be of great help when it comes to creating a new

support system using advanced technology in order to

protect the national treasure, the Vasa, for the future and

prevent the ship’s structure deforming still further. The

proposed overall methodology is illustrated in Figure 4

and consists of four steps in a “living process” with the

aim of maintaining the ship in its present shape, i.e. mini-

mising (time-dependent) deformation. These steps are:

(1) On-site assessment of mechanical properties of the

wood and description of the connections between

elements

(2) Analysis of bearing capacity by computer modelling

of the ship

Figure 3 Possible future intervention strategies for the Vasa warship suggested by Ljungdahl [9]. (a) Strengthening centre columns using

fibre composites, for example, (b) increasing the stiffness of the side and bottom structure of the hull and (c) increasing the stiffness of both the

deck beams and their connections.
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(3) Choice of a new and improved support system

based on the two previous steps and verification

of the computer model

(4) Monitoring the ship after installing the system

The on-site assessment of the Vasa warship from a

mechanical performance perspective (Step 1) involves a

large number of measurements in different positions.

This is expected to produce useful input data for a de-

tailed FE model. The on-site assessment also includes

monitoring deformation in the ship, which has already

been initiated. This information could be used to com-

pare predicted and measured deformation.

In addition to the determination of density, the X-ray

technique is well established as a powerful tool for in-

vestigating the internal condition of the structure [14],

especially the examination of connections and the integ-

rity and condition of the structural components, such as

those in the Vasa warship, see Figure 5. The investiga-

tion of connections in the Vasa warship is decisive for

the load transfer within the hull and the load transfer

from the hull to the existing support cradle and needs to

be made in detail. This will also make it possible to

measure and make visible geometry and joint configura-

tions, as well as contact between hidden elements. Infor-

mation of this kind is crucial for the accuracy of the FE

model and supports the decision-making when it comes

to ways of transferring the forces between the elements

in the model.

Both the on-site assessment and the analysis of the

bearing capacity (Steps 1 and 2) provide the basis for the

choice of support (Step 3), where a decision will be

made about how to support the ship in the best possible

way. This implies a new and improved support system,

preferably including load cells at each supporting pos-

ition. An analysis of this kind could be very useful for

decisions relating to strengthening and/or stiffening ac-

tions of the ship’s structure and the second step may

lead to the need to strengthen some parts of the hull, cf.

Figure 3.

Once the load cells are in place, the computer model

can be verified and improved against both the reaction

forces and the measured deformation. The whole system

can then be part of the continued monitoring (Step 4)

system, where the load levels are continuously con-

trolled. If the loads exceed acceptable limits at some

point, certain parts of the support structure might re-

quire adjustment. For this reason, a new support system

would preferably be an (hydraulic) adjustable one. The

degradation and thereby the reduction in the mechanical

performance of the wood is expected to proceed over

time. The overall process is therefore a cyclical one in

which Steps 1–4 are repeated and the support of the

ship is continuously adjusted and optimised according to

the needs of the ship.

On-site assessment of the Vasa warship

In this section, we propose a detailed methodology for

the on-site assessment (Step 1, cf. Figure 4) in the

Figure 4 Proposed methodology for investigating the structural behaviour and preserving the Vasa warship.
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overall strategy, where the mechanical properties of the

ship’s structure are estimated using non-destructive and

quasi-non-destructive test methods.

The on-site assessment of the timber properties of

Vasa oak and of structural elements is essential for the

continuous maintenance and preservation of historical

timber structures. This is particularly important when

the survival of an historical timber structure showing ab-

normal structural behaviour must be guaranteed. Abnor-

mal behaviour can be expected when the strength and

stiffness of a structure is reduced due to deterioration,

conservation work, changes in climate and the natural

ageing of old timber [18,19] and also when the compati-

bility of material in connections and joints results in

changes in the load-carrying capacity of the structure.

Mechanical characteristics of archaeological wood and

influence of PEG treatment

Wood is an anisotropic material, i.e. the properties in

different directions are different. These properties also

depend on the species, the moisture content and natural

growth defects. Moreover, in the case of the Vasa, deg-

radation and chemical treatment (i.e. PEG impregnation)

also have a powerful effect on the strength and stiffness

properties [6,15,16]. The variation in mechanical per-

formance at different positions in the enormous ship’s

structure is therefore expected to be larger than that in

recent European oak. In General, waterlogged archaeo-

logical wood undergoes physical and chemical modifica-

tions as a result of erosion bacteria in anaerobic

conditions, for example, causing the separation of the

secondary cell-wall layers [2,3,20]. As the microstructure

of the cell wall governs the strength characteristics in

wood, cell-wall decomposition severely reduces the

strength [6,7]. At the same time, the loss of wood sub-

stance results in lower density [21]. The dry density of a

block of Vasa oak taken before the salvage and PEG im-

pregnation was as low as 460 kg/m3 [15]. This should be

compared with recent (dry) oak with a density of ap-

proximately 700 kg/m3 [22]. For this block of Vasa oak,

a reduction in strength of at least 40% was also expected

for the archaeological material in the study [6,15]. The

stiffness properties of heartwood oak between the modu-

lus of elasticity (MOE) in bending and compression

showed a difference of more than 50% compared with

water-saturated recent European oak samples [15]. This

difference lies in the range of 35% to 60% for the bend-

ing properties compared with water-saturated recent oak

samples [15], but this does not necessarily mean that the

stiffness is always reduced to the same degree in all cases

[16]. Strength and stiffness loss in archaeological wood

could be substantially larger, depending on the degree of

decomposition [15].

However, the reduction in mechanical strength in Vasa

oak due to biological degradation is probably not gener-

ally a major problem, as a large part of the Vasa consists

of biologically resistant oak heartwood. This assumption

is supported by studies of both the Vasa and other arch-

aeological ships, such as the Bremen cog [15].

In contrast to biological degradation, PEG impregna-

tion is instead expected to have a large impact on the

mechanical performance of the Vasa. Impregnation with

PEG is a well-known, successful method commonly used

for conserving historical artefacts. PEG impregnation

ideally results in a dimensional stabilising effect but un-

fortunately also in the softening of the wood and some

Figure 5 X-ray examination to evaluate the structural integrity of connections (a, b), components (b) and the internal condition (c). (a)

Bolt connection of knee to the hull structure on upper gun deck (beam 5). (b) Integrity of structural components from upper gun deck, porthole

6. (c) Plank with internal fracture from stern, portside, 3rd gangway. The images were enhanced in Photoshop®.
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degree of stiffness reduction. At the same time, bulking

with PEG increases the density by 20% [17] or more.

Mechanical properties of Vasa oak – a review

An extensive review (summarised in Tables 1 and 2), in-

cluding data from almost all the mechanical tests per-

formed on wood from the Vasa warship, clearly shows

that both the stiffness in terms of MOE and the strength

of the wood are reduced (see Table 2). The data are

mainly based on research from the past 10 years [23].

The size of the clear-wood specimens in the different

studies ranges from 10 mm to 45 mm, except for the

tensile tests where the specimen length was 170 mm.

The first mechanical tests on Vasa oak were carried out

by Thunell in 1958 even before the warship was salvaged

[24]. The test data are based on “one piece of oak” of un-

known size. Thunell reported a 40% loss in the bending and

axial compression strength of waterlogged Vasa oak com-

pared with recent (waterlogged) European oak, which is in

agreement with data from other tests on archaeological

wood [6]. At that time, no differences in mechanical per-

formance were found between samples taken from the inter-

ior and the exterior part of the warship [24]. Chemical

degradation with a subsequent reduction in strength has

been confirmed later on [25]. However, as the majority of

the chemical degradation is also believed to have taken place

after the salvage [31], Thunell’s results [24] are reasonable.

Mechanical tests on Vasa oak carried out much later

by Ljungdahl [9] showed a reduction of the MOE in

compression in the longitudinal direction (i.e. axial and

parallel to the grain) of between 2% and 42%. The corre-

sponding figure for the MOE in compression in the

tangential direction was 31%. Strength properties in

compression in both the longitudinal and tangential dir-

ection were reduced by 33% to 56% and 7% to 27% re-

spectively. It is likely that the reduction in stiffness and

strength is due to PEG. This is indicated by the density,

which was 22% to 45% higher in Vasa oak than in recent

European oak [8,9], indicating a high PEG content.

Investigations at a later date also produced similar re-

sults. Both the radial MOE in compression and strength in

compression in the radial direction were decreased by

approximately 50% in Vasa oak compared with recent

European oak [32]. When it came to the MOE and

strength in the tangential direction, the corresponding

values were approximately 50% and 30% respectively. It

was concluded that this was mainly due to micro-buckling

and the more brittle plastic collapse of the ray cells in

Vasa earlywood compared with recent European oak [29].

Furthermore, the radial MOE in compression and the ra-

dial compression strength were found to be negatively in-

fluenced by an increase in PEG content. The decrease

could be described as approximately exponential [1,26].

Bjurhager et al. [25] also carried out extensive tensile

testing in the longitudinal direction on Vasa oak from four

different locations in the warship. Compared with the ref-

erence specimens, the tensile strength of Vasa oak was re-

duced by an average of 40%, but reductions of up to 80%

were also observed [25]. From this summary, it can be

concluded that the variation in mechanical properties is

Table 1 Density of Vasa oak [23]

Source Position Density Average Standard deviation No. of samples Note
[ρ] [kg/m3] [kg/m3] [−]

Thunell [24] ρbasic 460 - 10 Measured in watersat.
cond (u = 132%), no PEG

Bjurhager et al. [25] ρdry 757 112 28 u = 0%, PEG content 11.7 (17.3)%

Ljungdahl [9] ρcond 1005 - - u = 7%, PEG content unknown

Ljungdahl [9] ρcond 848 - - u = 8%, PEG content unknown

Ljungdahl and Berglund [26] ρcond 1030 29 7 u = 9.7 (0.9)%, PEG content 30.5 (3.0)%

Ljungdahl and Berglund [26] ρcond 1052 33 7 u = 9.4 (0.3)%, PEG content 25.7 (2.6)%

Bjurhager et al. [25] ρcond 784 132 28 u = 7.8 (0.5)%, PEG content 11.7 (17.3)%

Ljungdahl and Berglund [26] (centre) ρcond 752 136 10 u = 12.5 (1.3)%, PEG content 2.8 (3.4)%

Burman et al. [27] (centre) ρcond 748 141 5 u = 8.9 (1.8)%, PEG content unknown

Ljungdahl and Berglund [26] (surface) ρcond 854 146 10 u = 11.8 (0.6)%, PEG content 11.1 (12.1)%

Burman et al. [27] (surface) ρcond 749 117 5 u = 8.8 (1.9)%, PEG content unknown

Bjurhager et al. [25] ρextracted,dry 699 50 28 u = 0%, after PEG extraction

Bjurhager et al. [8] ρextracted,cond 592 105 1 from SilviScan

Bjurhager et al. [8] ρextracted,cond 701 170 1 from SilviScan

Bjurhager et al. [8] ρextracted,cond 806 628 1 from SilviScan

u – moisture content; (…) – standard deviation; ρdry – ovendry density; ; ρcond – density in conditioned state (23°C, RH 53%); ρextracted,dry – density in extracted

and ovendried state; ρextracted,cond – density in extracted and conditioned state;Silviscan indicates density measured by Silviscan technique.
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large in the oak in the Vasa warship. This means that

more detailed investigations of the properties at various

locations in the ship’s structure are necessary, in order to

provide sufficient input for a computer model.

Various NDT methods for on-site evaluation of timber

characteristics in the Vasa warship

Several investigation techniques are used for measur-

ing both qualitative and quantitative parameters of

timber structures [14,27,33]. For structures of signifi-

cant cultural value such as the Vasa warship, one aim

is to minimise the destruction of the object. Non-

destructive testing (NDT) methods are therefore nat-

urally preferable.

Most mechanical properties are highly related to the

density of wood, e.g. MOE, the embedment strength in

connections and the compression strength parallel and

perpendicular to the grain [12,13,34]. Consequently, any

Table 2 Mechanical properties of Vasa oak [23]

Source Position Parameter Average Standard deviation No. of samples Note
STRENGTH [σ] [σ] [MPa] [MPa] [−]

Tensile strength in longitudinal (L) direction

Bjurhager et al. [28] σL,tensile 47.4 12.7 175 u = 7.8 (0.5)%, PEG content 11.7 (17.3)%

Bjurhager et al. [8] σL,tensile 37.6 15.7 126

Bjurhager et al. [8] σL,tensile 59.9 24.6 121

Bjurhager et al. [8] σL,tensile 44.1 25.5 91

Compression strength in longitudinal (L) direction

Thunell [24] σL,compr. 17.0 - 10 Measured in watersat. cond
(u = 132%), no PEG

Ljungdahl [9] σL,compr. 39.7 - - u = 7%, PEG content unknown

Ljungdahl [9] σL,compr. 26.2 - - u = 8%, PEG content unknown

Compression strength in radial (R) direction

Ljungdahl and Berglund [29] σR,compr. 8.5 1.0 7 u = 9.7 (0.9)%, PEG content 30.5 (3.0)%

Ljungdahl and Berglund [29] (centre) σR,compr. 12.9 3.7 10 u = 12.5 (1.3)%, PEG content 2.8 (3.4)%

Burman et al. [30] (centre) σR,compr. 6.0 2.3 5 u = 8.9 (1.8)%, PEG content unknown

Ljungdahl and Berglund [29] (surface) σR,compr. 11.6 4.9 10 u = 11.8 (0.6)%, PEG content 11.1 (12.1)%

Burman et al. [30] (surface) σR,compr. 5.8 3.9 5 u = 8.8 (1.9)%, PEG content unknown

Compression strength in tangential (T) direction

Ljungdahl [9] σT,compr. 14.3 - - u = 7%, PEG content unknown

Ljungdahl [9] σT,compr. 11.1 - - u = 8%, PEG content unknown

Ljungdahl and Berglund [29] σT,compr. 5.6 1.0 7 u = 9.4 (0.3)%, PEG content 25.7 (2.6)%

Modulus of rupture

Thunell [24] MOR 34.0 - 10 Measured in watersat. cond. (μ 132%)

STIFFNESS [MOE] [E] [GPa] [GPa] [−]

Compression and tensile MOE in radial (R), tangential (T) and longitudinal (L) direction

Bjurhager et al. [28] EL,tensile 7.40 1.30 175 u = 7.8 (0.5)%, PEG content 11.7 (17.3)%

Ljungdahl [9] EL,compr. 9.50 - - u = 7% (PEG content unknown)

Ljungdahl [9] EL,compr. 5.60 - - u = 8% (PEG content unknown)

Ljungdahl and Berglund [29] ER,compr. 0.95 0.09 7 u = 9.7 (0.9)%, PEG content 30.5 (3.0)%

Ljungdahl and Berglund [29] (centre) ER,compr. 1.29 0.40 10 u = 12.5 (1.3)%, PEG content 2.8 (3.4)%

Burman et al. [30] (centre) ER,compr. 0.80 0.40 5 u = 8.9 (1.8)%, PEG content unknown

Ljungdahl and Berglund [29] (surface) ER,compr. 1.10 0.39 10 u = 11.8 (0.6)%, PEG content 11.1 (12.1)%

Burman et al. [30] (surface) ER,compr. 0.70 0.50 5 u = 8.8 (1.9)%, PEG content unknown

Ljungdahl [9] ET,compr. 1.10 - - u = 7%, PEG content unknown

Ljungdahl [9] ET,compr. 1.10 - - u = 8%, PEG content unknown

Ljungdahl and Berglund [29] ET,compr. 0.72 0.16 7 u = 9.4% (0.3), PEG content 25.7% (2.6)

u – moisture content; (…) – standard deviation.

Lechner et al. Heritage Science 2013, 1:35 Page 8 of 11

http://www.heritagesciencejournal.com/content/1/1/35



evaluation of NDT techniques should preferably be

directed towards an evaluation of density. These

methods can include measurements with a Resistograph®

(measuring drilling resistance), X-ray, stress-wave and

ultrasonic techniques, transmission time (Fakopp®,

Sylva-test®) or hardness tests [35], for example. In the

case of the Vasa warship, it was decided to determine

the on-site density of the material with the density cali-

bration procedure using X-ray equipment [36]. The

method includes rendering images by scanning with X-

rays where the density is related to the greyscale in the

images. In combination with density determination by

X-ray measurements, stress-wave techniques such as

ultrasonic measurements are also of great interest. These

measurements have demonstrated an ability to provide

information on mechanical properties and could be ap-

plied to the load-bearing parts of the ship’s structure for

estimations of stiffness. Stress-wave techniques for the

determination of the modulus are mainly governed by

the speed of the wave propagation, which is, however,

dependent on the density of the material, the internal

condition of the timber and the moisture content [27].

Relationship between density, MOE and PEG distribution

Establishing a relationship between mechanical proper-

ties and density in the Vasa wood is, as mentioned pre-

viously, difficult due to the fact that the PEG treatment

has increased the density but at the same time reduced

the strength and stiffness properties by up to 50% [15].

It might, however, be possible to overcome this problem.

The following approach to linking density data to the

mechanical properties of PEG-impregnated Vasa oak is

suggested.

(1) Mechanical testing of clear-wood specimens from

Vasa oak in all three fibre directions (R, T, L) for

the determination of the MOE, which is of primary

interest as an input parameter in an FE model.

Determination of specimen density using both X-

ray measurements and weight-volume measure-

ments to validate the X-ray method as an accurate

way of determining density. Determining the PEG

content with commonly used extraction methods.

(2) Establishing relationships, first between density and

PEG content and then between PEG content and

the MOE to link the density and the MOE in the

Vasa wood. At that point, data from both previous

studies and the present study are used in order to

increase the amount of data for statistical analysis.

(3) Non-destructive density measurements with the

X-ray technique only on structural elements in the

Vasa warship for the prediction and verification of

the mechanical properties from the relationships

established in Step 2.

In more detail, the following experiments are planned:

in the first step, small clear wood samples measuring 26

× 26 × 26 [mm3] of Vasa oak and reference specimens

of recent European oak are weighed and X-rayed before

the specimens are tested mechanically within the elastic

region (i.e. tested at low load levels not causing residual

deformation) before the extraction of PEG. The tests

should be carried out in the three main directions of the

timber (R, T, L). From these tests, the MOE in all three

directions (R, T, L) can be determined and the density

and PEG content can be measured using a minimum

amount of material. The density of both Vasa oak and

reference oak will be measured from volume-weight

measurements and compared with X-ray measurements.

The PEG content can be determined using methods

such as Soxhlet extraction, nuclear magnetic resonance

spectroscopy (NMR) or matrix-assisted laser desorption/

ionisation time-of-flight (MALDI-TOF) mass spectrom-

etry [3,25,37].

In the second step, the density is related (via the PEG

content) to the MOE of the clear wood specimens from

the Vasa warship with well-established PEG content for

some samples but also from previous measured samples

and statistically verified distribution [5].

The expected trend in the three principal directions of

the Vasa wood is decreasing stiffness in terms of MOE

with increasing density. These results can be used to il-

lustrate the applicability and adaptability of the methods

for the structural components and might serve as an in-

put in FE modelling analysis.

In the third step, the mechanical properties will be

predicted through non-destructive X-ray measurements

of the average density of well-known components on site

to evaluate and verify the applicability of the method.

This could be achieved by the relationships established

between PEG content, density and the MOE in Step 2.

The PEG content, however, varies in depth [8,20] and

has a negative impact on the mechanical performance

[38,39]. As it is impossible to monitor the depth of the

PEG visually or by X-ray, a general PEG profile, based

on previous measurements from different locations on

the Vasa warship and at different depths, will serve as a

further link to estimate the stiffness properties in terms

of MOE of structural elements.

The application and determination of density using

X-ray is well described by Lechner et al. (2013) [36]. The

difficulties anticipated in the X-ray investigation for

the verification process are the thickness of the hull

structure, together with the high density of Vasa oak

and the use of portable low-energy X-ray equipment in

order not to disrupt the daily activities at the museum.

Furthermore, the average density of the Vasa oak sam-

ples might be influenced by the lack of knowledge of the

amount of PEG in the different pieces, which might

Lechner et al. Heritage Science 2013, 1:35 Page 9 of 11

http://www.heritagesciencejournal.com/content/1/1/35



influence the attenuation. The X-ray equipment is, how-

ever, assumed to be well suited to the estimation of the

density, as the difference between the measured and the

X-rayed densities was shown to be small (<4%).

Summary and conclusions
Based on the different aspects taken into account for the

general structural assessment of the Vasa warship, the

following conclusions can be drawn.

(1) The general complexity of the Vasa warship can be

mainly attributed to large variations in Vasa oak;

not only to the natural variability of the wood but

also to the surface degradation, chemical treatment

and the disintegration of the cell-wall structure ori-

ginating from centuries of waterlogged conditions.

This might cause difficulty in the assessment and

evaluation of the mechanical and physical proper-

ties at structural level. A well-defined investigation

procedure in three main steps therefore has to be

applied in the evaluation of the mechanical proper-

ties, as described in this paper.

(2) X-ray investigations are of great importance in the

evaluation of the mechanical and physical properties

of the Vasa warship, as more accurate estimates can

be obtained when assessing the condition of the

structure when X-ray methods are used.

(3) The X-ray technique is a powerful tool for investi-

gating the internal condition of the structure, espe-

cially when it comes to examining connections and

the integrity between the structural components.

The great advantage of X-rays over other methods

is the non-destructive nature of this technique,

which enables virtually an unlimited number of

measurements without destruction of the material.

(4) The large variations in all the mechanical properties

from the oak in the Vasa warship require more

detailed investigations of these properties at the

various locations in the ship’s structure. This

variation is mainly due to the content of PEG in

and the origin of the test specimen (sapwood or

heartwood), but it is probably also due to the

natural morphological variation, which is especially

pronounced in oak. The PEG treatment in

combination with biological and chemical

degradation before and after the salvage respectively

has clearly influenced the mechanical properties

negatively.

(5) The results from the detailed investigations and the

determination of the material and mechanical

properties using X-ray can serve as input in a future

numerical computer model and might also serve as a

foundation for decision-making relating to the adjust-

ment and modification of the new support cradle.

(6) The on-site assessment and the analysis of the

bearing capacity provide the basis for the choice of

support of the hull in the best possible way. This

implies a new and improved hydraulic adjustable

support system including load cells at each support-

ing position to continuously monitor and control

the system. A computer model can then verify and

improve against both the reaction forces and the

measured deformation and the support of the ship

can be continuously adjusted and optimised accor-

ding to the needs of the ship. An analysis of this

kind could be very useful for decisions relating to

strengthening and/or stiffening actions of the ship’s

structure.
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